Marrow (MAT) and subcutaneous (SAT) adipose tissues display different metabolic profiles and varying associations with aging, bone density, and fracture risk. Using a non-invasive imaging methodology, we aimed to investigate the associations between MAT, SAT, and visceral fat (VAT) with bone volume, bone remodeling markers, insulin resistance, and circulating inflammatory mediators in a population of older men. In this cross-sectional study, 96 healthy men (mean age 67 ± 5.5) were assessed for anthropometric parameters, body composition, serum biochemistry, and inflammatory panel. Using single-energy computed tomography images, MAT (in L2 and L3 and both hips), VAT, and SAT (at the level of L2-L3 and L4-L5) were measured employing Slice-O-Matic software (Tomovision), which enables specific tissue demarcation applying previously reported Hounsfield unit thresholds. MAT volume was similar in all anatomical sites and independent of BMI. In all femoral regions of interest (ROIs) there was a strong negative association between bone and MAT volumes (r = − 0.840 to − 0.972, p < 0.001), with location-dependent variations in the lumbar spine. Unlike VAT and SAT, no associations between MAT and serum glucose, inflammatory markers or insulin resistance indicators were found. Bone decline occurred without red marrow expansion; thus lost bone was mainly (if not exclusively) replaced by MAT. In conclusion, strong inverse correlations between MAT and bone mass, which have been previously observed in women, were also confirmed in older men. However, MAT volume in all ROIs was interrelated and unlike women, mainly independent of VAT or SAT. The lack of strong association between MAT vs VAT/SAT, and its discordant associations with metabolic and inflammatory mediators provide further evidence on MAT's distinct attributes in older men.
Introduction
Age-related bone loss and osteoporosis are linearly associated with increased marrow adiposity and declining bone mass and quality [1] . This increase in marrow adiposity has a deleterious impact on bone by releasing adipokines and inflammatory factors either locally or systemically [2, 3] . In healthy, obese, and diabetic women of different ages, marrow adipose volumes (MAT) are closely associated with subcutaneous (SAT) and visceral fat (VAT) volumes [4] [5] [6] [7] [8] . However, in older men where adipose tissues naturally undergo significant redistribution [9] , the relationship between MAT, SAT, VAT, and bone volumes, and the possible contribution of MAT to bone loss via induction of inflammation, metabolic alterations, or local/systemic lipotoxicity has not been well characterized.
Therefore, using a non-invasive imaging methodology, we aimed to investigate the correlation between MAT, SAT, Ebrahim Bani Hassan and Oddom Demontiero have contributed equally to this work.
VAT, and bone volumes in a population of older men. Also, regarding the known associations of fat depots with inflammation, diabetes, and bone volume in other age and sex groups, we investigated their correlations with age, insulin resistance, circulating inflammatory mediators, calciotropic hormones [e.g., parathyroid hormone (PTH) and vitamin D], and bone remodeling markers in this population.
Subjects and Methods

Subjects
Cross-sectional study of 96 apparently healthy men aged 60 and older recruited from the community. Ethical approval was obtained from the SingHealth Centralized Institutional Review Board before commencement of the study, and all study procedures were conducted in accordance with relevant guidelines and regulations. Written informed consent was obtained from all participants prior to their participation.
Participants were consecutively recruited from the attendees of community-based health fairs, based on eligibility and willingness to participate. A detailed medical history was obtained from all participants, which included history of chronic diseases (e.g., hypertension, ischemic heart disease, diabetes, etc.) and lifestyle such as smoking, alcohol use, physical activity, and sun exposure. Subjects on antiviral/ anti-obesity/ corticosteroids/ anti-osteoporosis drugs, previous abdominal surgery, previous cancer, any investigational drugs for the past 3 months, or excessive weight loss (> 5% body weight) over the last 3 months were excluded from the study. Height (to the nearest millimeter) was recorded in all subjects without shoes, and weight (in kilograms) was measured with subjects in light clothing using electronic weighing scales (SECA model 220) to compute BMI (weight in kilograms divided by the square of the height in meters). Fracture history of the patients was not available.
Biochemical Analysis
Fasting blood specimens were obtained from all respondents after an overnight fast of 10 h for all analytes. Plasma glucose and lipid measurements (total cholesterol, triglyceride, HDL cholesterol), serum albumin, C-reactive protein, and inorganic phosphate were analyzed on the same day as collection (Beckman Coulter Unicel DxC System, Beckman Coulter Inc., USA). LDL cholesterol was calculated by Friedewald's equation. For all other analytes, blood samples were stored as serum or plasma at -80 °C prior to assay. 25-hydroxy vitamin D was measured by radioimmunoassay (Diasorin, Italy). The adipokines leptin, resistin, and adiponectin were measured using commercially available kits (Linco Research Inc., USA). Serum insulin and intact PTH were measured by immunoassay (Beckman Coulter Unicel DxI System, Beckman Coulter Inc., USA). Plasma osteocalcin and serum procollagen type 1 n-terminal propeptide (P1NP) were measured by immunoassay (Roche Cobas 6000 analyzer, Roche Diagnostics, USA). These analytes were measured at the laboratory at Singapore General Hospital, which is Joint Commission International (JCI) and College of American Pathologists Laboratory Accreditation Programme (CAP) accredited. Interferon gamma, interleukin-1 alpha (IL1α), interleukin-1 beta, interleukin-6, macrophage inflammatory protein 1 alpha, receptor activator of nuclear factor kappa-B ligand, tumor necrosis factor alpha, insulinlike growth factor-1, carboxy-terminal collagen crosslinks, osteopontin, and osteoprotegerin were measured using flow cytometry (Luminex 100/200 System for multiplex assays, tests run by i-DNA Biotechnology, Singapore). The intraassay and inter-assay coefficients of variation for the analytes measured by Luminex ranged from 6.2 to 21.8, and 6.9 to 19.8, respectively.
Image Acquisition and Analysis
Abdominopelvic imaging was conducted using a 64-slice multi-detector single-energy CT scanner (SOMATOM Definition, Siemens AG, Erlangen, Germany). Axial CT scan was performed with the subjects in supine, from the dome of the diaphragm down to the bottom of the pelvis, using a 35 × 35-m field of view. Non-contrast enhanced scans using routine scan parameters of kVp (120); effective mAs (210); slice collimation 0.6 mm; slice width 5.0 mm; pitch factor 1.4 and increment 5.0 mm were acquired. The thin-slice raw data were reconstructed into 1 mm sections at zero gap intervals. All image analyses were performed by a single research assistant, under the guidance of the radiologist. The 2D CT image data sets were saved in DICOM format and onto compact disks. These images were analyzed with an image analysis software [Tomovision's Slice-O-Matic v.4.3 Rev-6i (Tomovision, Montreal, QC, Canada)], previously used to assess VAT and SAT in humans [10, 11] , and validated for MAT measurements using a similar single-energy CT system (MicroCT) in lab animals [12] . Only images of high quality and without artifacts were included in the study.
Anatomical Regions of Interest (ROIs)
The lumbar ROIs (Fig. 1a) were located by first identifying the most distinct landmark i.e., first sacral (S1) and then fifth lumbar (L5) vertebrae; followed cranially by L4, L3 then L2. Similar procedure was followed caudally to identify the proximal femur and the regions of interests within were determined from anatomical landmarks (Fig. 1a) .
Image Analyses
For quantification of the abdominal VAT and SAT, axial CT slices at the level of the second and third lumbar vertebrae (L2 and L3 ROIs) were used. Pelvic VAT and SAT was quantified using CT slices at the level of the fourth and fifth lumbar vertebrae (L4&5 ROI) (Fig. 1d) . Bone volume fraction (BV/TV) and MAT (defined as fat volume/total volume [FV/TV]) were quantified within lumbar vertebrae and proximal femur ROI: three axial slices at the level of second and third lumbar vertebra (L2, L3) and five axial slices of the left and right femoral necks and trochanters were selected for analysis (Fig. 1b, c , and e). The cortical and trabecular sub-regions of all vertebral and femoral ROIs were delineated visually, and BV/TV and MAT were quantified in each sub-region and in total body.
Computed tomography Hounsfield values for bone, marrow fat and hematopoietic tissues were calculated. We used protocols previously validated in animals to quantify yellow/ red marrow and bone using a single-energy CT (MicroCT) and image analysis using Slice-O-Matic software [12] . To ensure artifacts resulted from larger tissue volumes of human (e.g. beam hardening) affect the results minimally, thresholds were adjusted to uniformly segment various fatty tissues (including spinal cord, VAT, SAT, and MAT) and tissues with composition similar to red marrow (aorta and spleen). Aorta and spinal cord were intentionally chosen as they are partly/completely encased by vertebrae and segmenting them accurately with thresholds that also detect VAT and SAT can ensure that MAT volume is not overestimated due to beam hardening. CT numbers for adipose tissue fell within negative values and soft tissues were between − 100 and + 100 Hounsfield units; whereas, the CT numbers of skeletal tissues took values from 100 up to 1524 [12] [13] [14] [15] . However, final threshold ranges used for quantification of these parameters were further refined visually, using an image histogram [16] . Thus, the following resultant CT number thresholds were applied: fat ≤ 20; blood 21-129; trabecular bone 130-600 ; and cortical bone > 601.
A pilot study was designed to check repeatability of measurements and make fine adjustments. Averages of 20 quantifications on images from ten random subjects were used for this purpose. This procedure was repeated for three axial slices at L3 from ten different subjects. Results were plotted on a histogram and the range of CT number values which best approximates the 95% confidence interval was chosen for the final quantification process. The volume function of Slice-O-Matic was used to compute the volume of the segmented ROIs. Bone, red marrow, and yellow marrow segmentations were tagged as blue, red and yellow, respectively (Fig. 1) .
Densitometry (DXA Scans)
Using dual-energy X-ray absorptiometry (DXA; Hologic DPX-IQ Discovery, Hologic Inc., Bedford, MA, USA), bone mineral density (BMD), T-and Z-scores of femoral neck and lumbar spine were estimated in array mode, according to the manufacturer's protocols and software. At all stages of image processing, including the pilot study, the operator was blinded to the patient information.
Statistical Analyses
Variables' scatter plots were used to visually confirm linearity of associations. Pearson's and Spearman's correlations (for normally and non-normally distributed or ordinal variables, respectively) were used to investigate the association between regional fat volumes and fat volume/bone ratios with age, BMI, diabetes status, PTH, vitamin D, markers of bone resorption and formation, and inflammatory mediators. Partial correlation was used to assess the independent associations between variables after adjusting for confounders. Where the results remained unchanged, only unadjusted correlations are presented to aid simplicity.
The linearity of the correlations was checked visually using scatter plots. The IBM SPSS statistics for Windows, Version 23 (Armonk, NY; IBM Corp.) was used for the analyses. Variables were expressed as mean ± SD or median (interquartile range). p values ≤ 0.05 were considered as significant.
Results
Sample Characteristics
Ninety-six men (mean age ± SD = 67.5 ± 5.5; range 60-87) fulfilled the inclusion criteria. Thirty-five subjects had DXA reports available. The anthropometric, body composition, and blood biochemistry profiles of the patients are presented in Table 1 .
Distribution of MAT, VAT and SAT in Older Males
VAT and SAT volumes and MAT volume fractions in different ROIs have been presented in Table 2 . VAT and SAT were significantly correlated within and between all abdominal and pelvic ROIs (r = 0.379-0.864; p < 0.001) and with BMI (r = 0.580-0.674; p < 0.001). Only vertebral MAT volume was associated with VAT and SAT volumes 
Associations of Fat Depots with Bone Volume and Mass
All proximal femoral ROIs showed a strong negative correlation between MAT and bone volume (BV/TV) (Fig. 2a) . This negative correlation was less strong for the L2 and L3 vertebral ROIs (Table 3 ). There was also a consistent negative association between MAT vs DXA-derived BMD of femoral neck and total hip (Table 3) .
In contrast, no correlations were found between VAT, SAT or BMI with BV/TV of any femoral ROI (Fig. 2b, c ; Table 3 ). Nevertheless, with increasing BMI, abdominal and pelvic VAT, and SAT spinal BV/TV in both L2 and L3 showed some decline; but the correlations reached significance only for VAT vs BV/TV (r = − 0.360 to − 0.511, p < 0.006; Fig. 3 ; Table 3 ).
In proximal femoral ROIs, MAT volume fraction increased with age (r = 0.231-0.315, p < 0.025). Concordantly, bone volume fraction decreased the same ROIs (r = − 0.226 to − 0.293, p < 0.031). We did not detect associations between age, bone, and MAT volume fractions in L2 and L3 or VAT and SAT volumes. 
Associations of Red Marrow with MAT and Bone Volume
Associations of Fat Volume with Inflammatory Cytokines, Insulin Resistance Indicators, and Bone Biomarkers
Unlike VAT and SAT, there was no association between MAT and insulin resistance indicators or hormones involved in the metabolism of glucose and fat in any ROI (Table 4) . No consistent associations were detected for any VAT, SAT, or MAT ROIs with any of the tested inflammatory mediators, except a weak negative association between L2 and L3 MAT with IL-6 ( Table 4) .
No associations between bone and fat volumes vs hormones and bone biomarkers (r < 0.147, p > 0.238) were found.
Discussion
In this population of older men, we report that MAT in general is independent of VAT and SAT volumes and BMI. Also, compared to VAT and SAT, in older males MAT displays a distinctively different association with inflammatory mediators, insulin resistance markers and bone volume. Our results also confirm the highly negative association between MAT and bone volume [17] , whereas VAT and SAT did not display associations with bone mass or volume.
The independence of MAT from VAT and SAT observed in this population of older men is contrary to the existing reports on the close association between MAT, VAT, and SAT in normal, obese and diabetic females of different ages [4, 5, 8] . Our results support the association of VAT and SAT with insulin resistance [18] [19] [20] ; however, the lack of association between VAT and SAT volumes with inflammatory mediators in older men is contrary to current understanding of the role of the adipose tissue in inflammation [18] [19] [20] .
Recently, Malkov et al. [21] reported that older men with a high appendicular lean mass and low SAT had over eight times the risk for hip fracture compared to those with lower appendicular lean mass, but high SAT. Fat redistribution in older persons (decline in SAT and increased ectopic fat in other tissues such as muscle, bone marrow, and viscera) [9, [22] [23] [24] leads to a pathological state in which adipocytes lose the ability to metabolize triglycerides, respond to hormones (e.g., insulin); and produce abnormal endo-, para-, and autocrine factors (e.g., leptin, adiponectin, resistin, and inflammatory cytokines) [22] [23] [24] .
In the case of MAT, there is a growing body of evidence suggesting that high-volume fat relocation into bone marrow can create a lipotoxic environment [2, 3, [25] [26] [27] . For example, the concentration of several pro-inflammatory cytokines in the MAT of old male mice increase by few folds to several thousand times compared to younger animals leading to lipotoxic and anti-osteoblastogenic effects [2] . In addition, palmitic acid (a by-product of fatty acid biosynthesis, produced in abundance by MAT in human cells in vitro [25] and in vivo [28] ) is toxic to human osteoblasts [26] . In agreement with this, bone loss due to ovariectomy in dogs leads to MAT expansion which is inversely related to bone apposition rate [29] . In this study, bone exposed to MAT showed significantly less formation surface, compared to the bone that faces red marrow [29] . In agreement with our results, it has been established that fat infiltration into bone marrow is associated with lower bone mineral density in trabecular bone (where bone is more metabolically active), and prevalent vertebral fracture [30] . In addition, further support for probable causative roles of MAT in bone mass decline comes from the observation that bone decline occurred without red marrow expansion; thus lost bone was mainly (if not exclusively) replaced by MAT. This may be in line with the decreased red marrow due to MAT expansion in osteoporotic patients previously reported by Griffith et al. [31] . Overall, the potential negative consequences of fat redistribution in aging men could be associated with the development of a highly lipotoxic bone microenvironment [30] that affects bone and the hematopoietic system, however, further studies are still required.
Regarding the relationship between MAT and inflammation, it has been shown that MAT-released palmitate induces a pro-inflammatory response [32] . Interestingly, in our subjects the associations between IL-6 and MAT in femoral and vertebral ROIs had opposite trends (positive and negative associations, respectively) and other inflammatory factors in the bloodstream did not show associations with MAT volumes thus suggesting that the pro-inflammatory role of MAT is site-dependent; a hypothesis that should be tested in future human studies.
Compared with other imaging methods, our quantifications of MAT vary from the reported values by magnetic resonance spectroscopy, which could be due to artifacts such as beam hardening. However, the single-energy CT and Slice-O-Matic measurements have been previously validated in the bone of a rodent model [12] and widely in clinical studies looking at VAT and SAT in humans [10, 11] . Considering the larger size of humans and thicker bones that make beam hardening artifacts more likely, we set the thresholds in a way that both non-bone-encased (subcutaneous and visceral) and bone-encased (spinal cord) fat tissues could be reliably segmented. Plus, for every image we visually checked for non-accounted voxels (e.g., a vessel within SAT) and ensured that we do not include artifacts as a particular tissue. Nevertheless, further validation studies in humans are still required.
Major strengths of this study are the use of a recently validated non-invasive method to quantify MAT. To our knowledge, this is the first attempt to quantify MAT and red marrow in humans using single-energy CT. In addition, to increase the validity of our data, only associations that were repeatable in similar ROI (e.g., all femoral ROI or in both L2 and L3 vertebrae) were reported here. As limitations, the cross-sectional nature and relatively small sample size of this study limits our ability to determine causality relations for the associations found here. In addition, the resolution of CT scan is not ideal for differentiation of tissue volumes in sub-millimeter scale; the MAT variations may affect the measurements of bone density in single-energy CT [33] and we could not explore MAT saturation degree, which may have effects on inflammatory and diabetic markers. In addition, only few but representative ROIs (six MAT, two SAT and two VAT ROIs) were analyzed in this population, which may limit the generalizability of these results.
In summary, MAT volumes are independent of BMI and VAT/SAT volumes in older men. Without requiring an invasive technique [17] , our results confirmed the negative association between MAT and bone volumes in older subjects. In addition, our results suggest that MAT displays different associations with bone volume and metabolic/inflammatory profiles compared to VAT and SAT. Longitudinal studies in both genders are warranted to confirm whether these are age-, gender-, or ROIs-specific findings. In conclusion, unraveling the molecular mechanism of crosstalk between bone and fat would lead to a better understanding of their relationship and its role in the pathophysiology of osteoporosis in older persons. 
